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Multi-Scale Approach is Needed to Improve Flight-Scale Simulations
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Evaluation and Calibration of Models:  E-E and E-L Approaches

1. Limited experimental (validation) data available to characterize gas/particle/particle 

interactions in propulsive landing conditions 

2. Limited data for mixtures with well-characterized polydispersity and supersonic flow ï

PFGT. 

3. In shock-particle interactions, additional (unresolved) velocity fluctuations appear at 

particle-scale due to wakes: Pseudo-Turbulent Kinetic energy (PTKE)

a) Not included in the E-E methodology

b) Effect of this term in high-speed flows with particles expected to be first-order

i. Large possible contribution to total kinetic energy (between 30% and 100%)
ii. Play a significant role in predicting choking and post-particle conditions

c) Exists even in laminar flow regimes!

 
Figure 1. EL simulations of particle-shock interactions using the proposed PTKE transport model. Left: averaged 

fluctuating energy of the shock tube shown in Fig. 3. DNS (dashed line), EL with PTKE model (solid black line), 

EL without PTKE model (red line). Right: local Mach number from the EL simulation without the model (top) 

and with the model (bottom). 
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Pseudo-Turbulent Kinetic Energy

The equation of state is also modified to include PTKE: 

PTKE is defined as the trace of the PTRS (pseudo-turbulent Reynolds stress) [1]:

where the PTRS, often neglected, arises from filtering the governing gas-phase equations [2] 

[1]

[2]
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Modeling PTKE
PTKE can be modeled in two ways: algebraic (incompressible [1] or compressible [2])

Transport [3]:

with:

PTRS Drag PTKE 
Dissipation

PTKE Dissipation Algebraic Model (others currently under study) [3]:

with:

2D coefficient from 
VF-EL [3]

[1]

[2]

[3]
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PTKE with EL PTKE Dissipation Coefficient

Å Utilized Euler-Lagrange (VF-EL)[1] 
dissipation coefficient in initial Euler-
Euler (Loci/GGFS) [2] runs.

Å PTKE dissipating too soon after particle 
curtain ends.

Å Peak PTKE in EE significantly lower 
compared to EL.

Å Investigated better dissipation 
coefficient for EE.

Energy Source only: 

[1]

[2]
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PTKE Dissipation Coefficient

LƴǾŜǎǝƎŀǝƻƴ ƻŦ t¢Y9 
5ƛǎǎƛǇŀǝƻƴ /ƻŜŶŎƛŜƴǘ 
ὅὪƛƴ [ƻŎƛκDDC{Υ

Å /ƻƳǇŀǊŜ ǇŜŀƪ ǎŎŀƭŜŘπ
t¢Y9 ǘƻ ŘŜǘŜǊƳƛƴŜ ὅὪƛƴ 
9ǳƭŜǊπ9ǳƭŜǊ ŀǘ ŜŀŎƘ ƻŦ 
ǘƘŜ ŘŜǎƛǊŜŘ ǝƳŜǎΦ

Å /ƘƻƻǎŜŎƭƻǎŜǎǘὅὪǘƘŀǘ 
ǇǊƻŘǳŎŜǎ ǎƛƳƛƭŀǊ ǇŜŀƪ 
t¢Y9 ŀǎ 9ǳƭŜǊπ[ŀƎǊŀƴƎŜ 
ǎƛƳǳƭŀǝƻƴΦ

Å 5ŜǘŜǊƳƛƴŜŘ ǘƘŜǊŜ ƛǎ ŀ 
ƳŀȄƛƳǳƳ ƭƛƳƛǘ ƻŦ t¢Y9 
ǘƘŀǘǘƘŜƳƻŘŜƭǿƛƭƭ
ǇǊƻŘǳŎŜΦ

Å 5ŜǘŜǊƳƛƴŜŘŀ ƴŜǿ 
ƴƻƴƭƛƴŜŀǊ ǊŜƭŀǝƻƴǎƘƛǇ 
ōŜǘǿŜŜƴ ὅὪŀƴŘ t¢Y9

όŀύ  πȢπτȟὸ πȢσστ όōύ  πȢπτȟὸ ρȢσστ όŎύ  πȢπτȟὸ ςȢσστ

όŘύ  πȢςρȟὸ πȢσστ όŜύ  πȢςρȟὸ ρȢσστ όŦύ  πȢςρȟὸ ςȢσστ

όƎύ  πȢττȟὸ πȢσστ όƘύ  πȢττȟὸ ρȢσστ όƛύ  πȢττȟὸ ςȢσστ
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New Power-Law for PTKE Dissipation Coefficient in E-E
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PTKE with New Dissipation Coefficient

/ƻƳǇŀǊƛƴƎ t¢Y9 
ǿƛǘƘ bŜǿ t¢Y9 
5ƛǎǎƛǇŀǝƻƴ 
/ƻŜŶŎƛŜƴǘ ὅὪƛƴ 
[ƻŎƛκDDC{Υ
Å ²ƛǘƘ ƻǇǝƳŀƭ ƴŜǿ Ŭǘ ŦƻǊ ὅὪΣ 
t¢Y9 ǇǊƻŬƭŜǎ ŦƻǊ [ƻŎƛκDDC{ 
ƳŀǘŎƘ ƳǳŎƘ ōŜǧŜǊ ǘƻ ǘƘŜ 
±Cπ9[ ǊŜǎǳƭǘǎ

Å tǊŜŘƛŎǘ ƭƻŎŀǝƻƴ ƻŦ ǇŜŀƪ t¢Y9 
ŀǘ ŜŀŎƘ ǝƳŜ ƛƴ ƴŜŀǊƭȅ ǎŀƳŜ 
ƭƻŎŀǝƻƴ ŀǎ ±Cπ9[

Å ¢ŀƛƭκŎǳǘπƻũ ƻŦ t¢Y9 ƛƴ 
[ƻŎƛκDDC{ ŎƭƻǎŜ ǘƻ ±Cπ9[

Å /ƻǊǊŜŎǘ ŎƘŀƴƎŜ ƛƴ ŘƛǎǎƛǇŀǝƻƴ 
ŀǘ ŜŘƎŜ ƻŦ ǇŀǊǝŎƭŜ ŎǳǊǘŀƛƴ 
ŦǊƻƳ ǎƭƛǇ ǾŜƭƻŎƛǘȅ ǘƻ ǾŜƭƻŎƛǘȅ 
ƅǳŎǘǳŀǝƻƴ

Å {ƭƛƎƘǘ ŘƛũŜǊŜƴŎŜ ƛƴ ŎƻǳǇƭƛƴƎ 
ǎǘǊŀǘŜƎƛŜǎ

ώоϐ {ƘŀƭƭŎǊƻǎǎΣ DΦ {ΦΣ Ŝǘ ŀƭΦ όнлнлύΦ Ϧ! ǾƻƭǳƳŜπŬƭǘŜǊŜŘ ŘŜǎŎǊƛǇǝƻƴ ƻŦ ŎƻƳǇǊŜǎǎƛōƭŜ ǇŀǊǝŎƭŜπƭŀŘŜƴ ƅƻǿǎΦϦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ aǳƭǝǇƘŀǎŜ CƭƻǿмннΥ мломоуΦ

όŀύ  πȢπτȟὸ πȢσστ όōύ  πȢπτȟὸ ρȢσστ όŎύ  πȢπτȟὸ ςȢσστ

όŘύ  πȢςρȟὸ πȢσστ όŜύ  πȢςρȟὸ ρȢσστ όŦύ  πȢςρȟὸ ςȢσστ

όƎύ  πȢττȟὸ πȢσστ όƘύ  πȢττȟὸ ρȢσστ όƛύ  πȢττȟὸ ςȢσστ
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Pressure Profile Comparison with PTKE


